
v

HARDWARE TESTBED

ASSEMBLY OF
EXPERIENCE IN AUTOMATED
SPACE STRUCTURES

._)

/ ,

j " .'

j' J

Ralph Will, Marvin Rhodes, William Doggett, Catherine Herstrom,

Carolyn Grantham, Cheryl Allen, Daniel Sydow, Eric Cooper
NASA Langley Research Center

Coung Quach, and Marion Wise
Lockheed Engineering and Sciences Company, Inc.

Published by Kluwer Academic Publishers as part of tile test Intelligent Robotic
Systems for Space Exploration. Coordinated by Rensselaer Polytechnic
Institute's Center for intelligent Robotics for Space Exploration (CIRSSE),

Troy, New York





AN AUTOMATED ASSEMBLY SYSTEM

FOR LARGE SPACE STRUCTURES

Ralph Will
Marvin Rhodes

Billy Doggett
Catherine Herstrom

Carolyn Grantham
Cheryl Allen
Dan Sydow
Eric Cooper

Patrick Quach
Jim Wise

PREFACE

This chapter presents a research program that is being condt, cted at the NASA Langley Research
Center to evaluate methods for automated telerobotic assembly of large space truss structures. The
research program, facility, and hardware are described and a summary of the results obtained to
date is presented. The research is intended to identify the specific problems and considerations
which must be dealt with when the total assembly process is addressed in detail. The assembly
operation is structured to focus on a generic truss structure rather than on a particular mission or
design; however, the assembly issues being investigated are typical of many automated in-space
processes. The program was initiated to stt, dy automated truss assembly operations and no other
objectives were included in this initial investigation. The structure, ahhough not space qualified,
was designed to be representative of that required for future antennas and observatories.

Implementation of this research effort has required the integration of a strong interdisciplinary team
composed of specialists in mechanical and structural design concepts, automation and robotics,
controls, software development, configuration management, and electronic design and
development. Many support personnel have contributed to the success of this research effort by
their dedication and hard work. A well defined focus has enhanced the capability of the team to
work together and meet the goals and milestones in a timely manner.

INTRODUCTION

A number of proposed space missions both to and from planet Earth require large truss structures
to provide a stiff and stable platform for experimental measurements, observation
antennas/telescopes and habitats/shelters. An example of a planned mission to planet Earth is
shown in figure l(a) and an example of a mission from planet Earth is shown in figure l(b); figure
l(a) is a large antenna, and figure l(b) is an aerobrake concept for a Mars mission vehicle. The
truss structures for these, as well as other future missions may involve the assembly of thousands
of members. Recent studies (Refs. 1 and 2) have elevated the concern regarding the use of
astronauts to perform inspace construction operations. Therefore, alternative assembly techniques
to those that traditionally rely on astronaut Extra-Vehicular Activity (EVA) must be explored. The
reference studies have also recommended that astronaut Intra-Vehicular Activity (IVA) time be
minimized, which may limit the use of astronauts as teleoperators for assembly operations that may
involve many hours of repetitive operations. One attractive alternative is to design an automated
telerobotic system that can utilize either an astronaut or earth based operator as an executive
monitor who is called upon to intervene only when the automated system encounters a problem and
requires assistance. This mode of operation, known as "supervised autonomy", holds the most



promisefor the accomplishmentof largeor complexassemblyandconstructiontaskswith the
limited crewresourcesavailableonorbit. Supervisedautonomyhastheadditionaladvantagethat
operationscanbemonitoredfrom thegroundif they involvenotimecriticalcontrolfunctions.

To date, very little work has been directed toward interdisciplinary research to develop automated
robotic assembly methods for large erectable truss structures. The current program was initiated
within the past several years at the NASA Langley Research Center by merging basic technology in
robotics and truss structure design and assembly. The program focuses on the actual automated
assembly of a generic structural unit that serves as the basic element for very large structural
systems. Specific objectives of the pro,gram are to determine what types of joining and end-effector
mechanisms are suitable for telerobotic operation, to develop a software architecture capable of

reliably performing a complex assembly task that incorporates realistic system errors, and to
provide an operator interface compatible with the volume of internal information necessary for
successful operation of the automated system. This effort provides practical experience in the
assembly of truss hardware designed for automated telerobotic operations. An additional objective
is to collect information on actual assembly operations to develop time lines characterizing
automated telerobotic truss assembly and construction. It also has the potential to provide an
operational testbed for more advanced assembly techniques such as automated path and sequence
planners and machine vision guidance operations. The hardware testbed can also be used to
measure the effectiveness of the operator interface and display system in communicating with
operators who have only modest levels of training.

This chapter describes the system design considerations, facility and system hardware, and the
software and operator interface functions involved in implementing the hardware testbed. The test
facility is operational and the system executive program and error recovery software is performing
all assembly operations in a fully automated mode. Several end-to-end assembly and disassembly
sequences for the complete 102-member truss structure have been performed and information on
timing, error frequency, error causes, and recovery techniques have been collected. The sequence
for the assembly tests conducted to date will be discussed along with the research directions toward
a more robust system.

FACII,ITY AND HARDWARE DESCRIPTION

At the initiation of this program, several ground rules were established to guide the development of
the component design. These ground rules were: 1) existing "off-the-shelf" components would be
used directly, or modified for use, where possible to hasten implementation; 2) design and
fabrication would incorporate inexpensive materials and simple systems so that they could be
modified easily as experience and future research requirements dictate; 3) passive guidance features
would be incorporated wherever possible to aid alignment for minimizing position errors; 4) all
assembly operations would be reversible so that truss repair and error recovery procedures could
also be automated and; 5) system hardware and software design would be based on total system
automation with operator intervention rather than enhancing a teleoperated system with automated
functions. The current automated assembly facility is shown schematically in figure 2(a) and a
photograph of the actual hardware system is shown in figure 2(b). Important aspects of the various
components are discussed in subsequent sections and a detailed description of the performance
characteristics is presented in reference 3.

Robot and Motion Bases

The robot arm shown in figure 2 is a six-degree-of-freedom, electrically driven, industrial robot
selected for its reach envelope (1.52 m (5 feet)), payload capacity 89N (20 lbf.), positioning
repeatability (_+0.010 cm (0.0(14 in.)), and reliability. No modifications have been made to the
robot over those supplied as options by the manufacturer. The robot is mounted on an x-y
Cartesian translational motion base that has approximately 6.1 m (20 feet) of travel in both x and y
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directions and has a measuredpositioning accuracy of _+0.005 cm (0.002 in.) using linear
encoders. The truss structure is assembled on a rotating motion base with _ 3 revolutions from the
nominal reference location and a positioning accuracy of _-+0.25 mm (0.01in.) at a radial distance

of 6.1 m (20 ft). The motion bases are designed to minimize deflections that induce position errors
due to the increasing mass of the truss during assembly and repositioning of the robot. Motion

base drive motors on all three axes are controlled by an 80286 microprocessor-based personal
computer. The robot computer is based on an M-68(X)0 microprocessor and all robot motions are
programmed in a modified Basic programming language supplied by the manufacturer.

Truss and Joining Mechanism

The truss structure selected for this study is a regular tetrahedral configuration shown by the
model in figure 3(a). This configuration was chosen for several reasons: 1) it is representative of
supporting trusses required for large antennas, reflectors, and aerobrakes; 2) it is comprised of
regular hexagonal rings as shown in the figure, therefore, the developed assembly procedure can
be applied to construct large multi-ring units; and 3) the truss has some special geometric
characteristics that provide desirable access paths for the installation of struts. The truss hardware

used in this investigation has members that are nominally 2 meters (6.6 feet) long and 2.64 cm
(1.04 in) in diameter. The 2-ring test model has a diameter of 8 meters (26.25 ft) and the complete
structure consists of 102 struts and 31 nodes.

The special geometric characteristics noted previously can be seen in figure 3(b). The truss
geometry includes a natural set of orthogonal axes and there are sets of planes normal to this axis

system. Every member in the truss is oriented to lie within one of the sets of planes and the
members in a given plane form square geometric patterns (fig. 3(b)). The squares provide the
maximum area for collision-free manipulation and access for installation of strut members. The

squares and their planar orientation are referred to here after as the member's insertion plane.
Assembly of the truss involves maneuvering the strut along a predefined path into the insertion
plane, aligning it parallel to the installed orientation approximately 10 cm (4 in.) in front of the
installed position, and then moving it directly to the installation position. The assembly process
begins by connecting members to three pre-mounted nodes on the rotating motion base to build the

first hexagonal ring. Additional detail on assembly operations will be presented in a subsequent
section.

The joint connectors for space truss structures have a number of requirements that must be met for
the truss to be assembled and have a predictable performance. The connectors must have a
predictable linear load-deflection response for reverse tension-compression load cycles and have no
"free-play". The joints must permit the strut members to be installed by side entry between two
nodes a fixed distance apart, because the truss is structurally redundant and it is desirable to
minimize disassembly to replace or repair a damaged member. Structural redundancy also requires
the length of the member to be accurately set and ramped entry guides on the joint are desirable to
aid the insertion operation. Additional requirements are defined in reference 3.

The truss joints and nodes developed for this test assembly are shown in figure 4. Each node must
be capable of connecting a total of nine struts that are aligned with the node center; six of the
connecting struts lie in the plane of the face and the remaining three are core members that connect
the top and bottom faces of the truss. The joint is composed of two parts, a connector section
which is bonded to the graphite epoxy tube to form a strut and the receptacle section which is
mechanically attached to the node. The connector section is inserted into the node-mounted

receptacle and a locking nut is turned to draw the connector plunger toward the strut, securing the
strut to the receptacle. The locking mechanism applies approximately 890 N (200 lbf) preload to
the joint connection to eliminate "free-play". The joints are fabricated from aluminum and have a

mass of 134g (0.296 Ibm). Additional details concerning the mechanism and its operation can be
found in reference 4.
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Following fabricationof thetrussstrutsandnodecomponents,theywereassembledandmeasured
to evaluatetheaccuracyof thetotal trussstructure.Thetrusswasmanuallyassembledfor this
series of tests with the design torque closure limits applied to the joints. Three sets of
photogrammetrymeasurementsweremadeonasetof highcontrastretro-reflectivetargetscentrally
positionedoneachof the 19uppersurfacenodes.The testmeasurenlentsindicatedthat therms
deviation betweenthe 19 uppersurfacenodesandthebestfit planewasabout0.015cm (0.006
in.) andtherms positioningrepeatabilityfor two assemblytestswasabout0.005cm (0.002)in.
Additional informationregardingthesetestsispresentedin reference4.

End-Effector

At thestartof theprogram, a number of truss joints were evaluated for possible implementation
and/or adaptation to the automation process. The current joint was selected because, in addition to
the structural capabilities noted above, it could be adapted to operate with a simple end-effector.
The development of the joint and end-effector as a total design aided in the development and
success of the project. The end-effector is a specialized tool that performs all operations required
for strut installation or removal including the locking of the joint connector. The end-effector's
operational functions are shown schematically in figure 5(a) and a photograph of the hardware
mechanisms is shown in figure 5(b). The strut is grasped by a set of strut holders which close
around a hexagonal alignment and grasp adapter that is bonded to the strut tube (fig. 4). The
hexagonal shape aids in circumferentially aligning the strut with the end-effector and is a
configuration that can be easily grasped by the end-effector jaws. The center of the hexagonal
adapter has a machined vee-groove that mates with a protrusion in the end-effector jaws to
passively position the strut axially in the end-effector. These passive alignment features are
representative of the many such details that are incorporated in all of the components where
alignment is critical for connecting or mating.

To insert a strut in the truss, the end-effector is moved to a predetermined ("taught") position in the
insertion plane. At this location the fingers are closed on the receptacle. The fingers axe configured
so that during closure they are passively aligned with the receptacle if the receptacle is at any
location within a cylindrical envelope 5 cm (2 in.) in dia. by 1.5 cm (0.6) long. Both ends of the
strut are pushed forward by platforms, inserting the connector into the receptacle. The strut is held
in place while small gear-head motors lock the joints. The strut holders are then unlatched, the
platforms are retracted, and the receptacle fingers are opened to complete the installation. The end-
effector is designed to permit operation either with a node preattached to either end of the strut or to
insert a strut into two nodes already in the structure.

All end-effector mechanisms and actuators are equipped with simple sensors such as
microswitches or proximity probes so that a computer program can monitor the operation and
notify the operator if a problem occurs. Small video cameras (fig. 5(b)) are mounted on each end
of the end-effector to permit operator monitoring of end-effector mechanisms and to verify the
sensor information. The total mass of the end-effector including a strut is about 6 kg(13.5 Ibm). A
commercial force/torque load cell is mounted between the end-effector and the robot wrist to

provide compliant move capability during both strut pick-up and installation operations. This
aspect of the assembly operation will be discussed in a subsequent section.

Strut Storage

The requirements defined for storage of the struts in preparation for truss assembly included the
following: (1) all struts be placed at a convenient location within the reach envelope of the robot
without interfering with other assembly operations, (2) the precise location and orientation of each

strut be fixed, (3) the struts be packaged in the smallest volume possible and the individual

.,._.J
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membersstill bereadilyaccessible,(4)eachmemberberestrainedbutcapableof beingremovedor
installed in the storagecontainerby a small latching force. Severalconceptswere initially
consideredincluding a devicethat would presenteach strut to the end-effectorat a common
location. Implementingthisconceptappeareddifficult andthepackingefficiency appearedto be
poor. An alternativeconcept,havingan additionaladvantageof beingpassive,wasdeveloped
which consistsof a seriesof trays stackedin a rack behindthe robotarm (fig. 2(a)). The trays,
shown in figure 6, are aluminum frames which hold thirteen struts each,betweenvertical
positioningpins.The positioningpins havespring loadedpin plungersonboth sidesto holdthe
strutsin place.A smallforce is requiredto extracteachstrutfrom its storageslot.Alignmentand
graspadapterslike thoseusedto pick up thestrutwith theend-effectorareusedto interfacewith
thepositioningpin.Theflat sideson thesehexagonaladaptersaretrappedbetweenthetray above
and the baseof the holding tray to preventthe strutsfrom rotating. Nodesarepreattachedto
selectedstrutsin accordancewith theassemblysequence.Theprotrusionof thereceptaclesfrom
the preattachednodesimposesa sizable storage spacerequirement and a special stacking
arrangementhadto bedevisedto coordinatewith theassemblyscenario.Thestackingarrangement
is shownin thesketchof figure7. Thearrangementhas4 prenodedstrutsin tray 1atthetopof the
stack.The prenodedstrutsarelocatedin thefirst andlast tray slotswith two othernodedstruts
equally spacedin-betweenseparatedby 3 unnodedstruts.The secondtray also has4 prenoded
strutsatthesameslot locations,however,thenodesareall placedin theoppositeendof thetrayto
thoseof tray 1.Tray 3has3prenodedstrutswith thenodesstaggeredto fit in slotsbetweenthose
of tray 1.Tray4 is similar to tray 3exceptthatthenodesareon thesameendof thetrayasthoseof
tray 2. Tray 5 is identical to tray 1 and the four tray pattern is repeated.Therefore,all even
numberedtrayshavestrutswith alternatingnodesof 4 and3 on thesametray end,andlikewise
with theodd numberedtrays.Dueto theefficient packagingof strutsin thetrays,thereceptacle
fingerson theend-effectormustbeclosedto pick upanunnodedstrut soasnot to interferewith
thereceptacleonadjacentprenodedstruts.Thecomplete102membertrussis packagedin 9 trays
with severalpositionsin selectedtraysleft emptyto accommodatetheassemblysequence.Each
tray hascylindrical handleson eachend with hexagonalpositioning and alignment adaptors
identicalto thoseon thestruts.Thetraysarepickedupby theend-effectorastheyareemptiedand
transferredto a storagecanisterlocatedto the left sideof therobotarm(seefigure 2).

System Control and Communication

The entire systemis managedby severaldigital computersserially connectedthroughRS-232
communicationlines asshownschematicallyin figure 8. Overall systemexecutiveandoperator
interfacefunctionsareperformedona micro-VAX workstationandimplementedin FORTRAN.
Also located on the VAX are the robot arm path control logic and the assembly system error
recovery algorithms. The robot carriages are controlled by an indexer board on an 80286 personal
computer (PC). Commands to this board are generated by a driver program on the PC written in
BASIC. The robot arm motions are controlled by a program written in a modified BASIC
programming language developed by the robot manufacturer. The robot program is executed on
the robot's M-68000 processor in response to commands from the executive program. The robot
processor also includes local data which defines pretaught paths from the canister to the installation
position of each strut. Storing the local data in the robot processor minimizes the information that
must be transferred between processors during execution.

Operator Control

The operator's workstation is shown in figure 9. The operator has four basic sources of
information available to monitor system operation. These are 1) the computer CRT menu display,
2) a video system display, 3) the CRT display from the robot computer and, 4) a panoramic view
through the control room windows. All operator command inputs are entered via a conventional
terminal keyboard. The operator's role is to initiate and monitor the automated assembly process
using a series of hierarchical menus which are displayed dynamically. The automated system is
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directedby a commandfile to install strutsin a predeterminedorder.The operatormonitorsall
operationsvia thedisplayedmenuswhichhighlight thecurrentsystemcommandstatus.If anerror
occursa brief summaryof theerror conditionandamenuof operatorinterventionsfor recovery
from the error are displayed.The operatorusesthe video displays to verify.the natureand
determine the severity of the problem. All error recovery interventions consist of keyboard
commandsfrom menuselections.Theassemblywill notproceeduntil theerror iscorrected.If the
errorcannotberesolved,thesystemreversesthesequenceandrolls backto thestatewherethelast
commandfile directivewasissued.Additionaldiscussionof theoperator'sdisplayandprocedures
isprovidedin SectionV, SoftwareStructure.

Thevideosystemis comprisedof four fixedpositioncameras:onelocatedoneach endof theend-
effectorto provideaclose-upview of theend-effectormechanisms;onelocatedon theY carriage
behindthe manipulatorarm to provideanover-the-shoulderview of the strut installationanda
directoverheadview of canisteroperations;andonecamerafixed to a wall approximately6.1m
(20 ft.) high and 12.2m (40 ft.) from the rotational motion base to provide surveillanceof
assemblyoperationsfrom theright rearquarterof therobot.Boththeover-the-shoulderandwall
mountedcamerasareequippedwith pan/tilt/zoomcapabilitywhich iscontrolledbyjoysticks from
theoperator'sworkstation.

The CRT display for the robot computer provides the operator with a visual cue of the robot
commands and states. This display provides the operator backup information to the menus
associated with the executive program to aid in assessing error sources and recovery operations
that involve robot motion. Also, the forces and moments measured using the force/torque load cell

are displayed on the robot CRT display.

The panoramic view that the operator has through the control room window does not
provide substantial information to correct detail errors because the control room is approximately
10.7 m (35 ft.) from the turntable-- too far to observe mechanism operations. The view is

conveniently located to pernait the detection of potential collisions between the motion bases and the
miss. Tests during which blinds were drawn over these windows, however, resulted in no adverse
effects on operator performance or comfort.

ASSEMBLY OPERATIONS

Each strut in the truss assembly has a specific name based on an identification convention
developed for this investigation. When a strut is selected for installation, the system data base is
checked to establish the status of the requested strut and determine if the strut is being installed in

an acceptable order. A number of factors may affect the order. For example, connecting struts
required to support the member must have been previously installed and a collision free path for
installation must be available. If all factors are satisfied, the installation sequence is initiated. The

first operation of an installation sequence is to acquire the strut from the canister tray and hold the
strut with the arm in a rest position just above the canister. The motion bases are positioned so that
the arm can move the strut along a predefined collision-free path to the installation point in the
insertion plane. The end-effector inserts the strut connectors in the joint receptacles and locks the
joint connector. The arm then returns to the rest position over the canister. The following
subsections give a detailed account of each of these operations and outline some of the checks and
procedures that are followed if an error is detected. The initial assembly sequence developed for
this investigation, including the rules that were followed during the development, is listed in the
Appendices A and B.

Strut Identification Convention

Since the tetrahedral truss has a regular geometric pattern composed of basic subelements, a

naming convention was desired that would be common for those struts with similar orientations
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andpositions.A conventionthatwassuitablefor any"n" ring configurationwasalsodesirable.A
sketchillustratingtheadoptedconventionis shownin figure 10.Thefigure showsatopplanform
view of a largeplanartruss.Thestrutsin thetop facearerepresentedby linesof mediumwidth,
the strutsin the bottom faceare representedby lines of narrow width and the corestruts that
connectthetopandbottomfacesarerepresentedby thedashedlines.Thewide solid linesoutline
the "n" hexagonalrings whichareusedin thispaperto describethetruss.Eachring is composed
of 6(n-1)+3cell unitsandthememberswithin eachcell aredefinedby their endpositionsthatfall
on theevennumberedlocationsof aconventionalclock face,notedon thefigure astheoperator's
convention.Any strut in thetrusscanthereforebespecifiedby its ring number,cell numberand
clockposition.An exampleof thisnotationusedfor amemberof ring 3 andcell 1whoseendsare
at clockpositions10and2 is R3C1/10_2.Usingthis convention,all top andbottomfacestruts
havea uniquedesignation.However,sincethecorestrutslie on theboundaryof the individual
cells,theycanbeidentifiedby twocell designations.

Thenamingconventiondefinedabovepermitsanoperatorto locateanymemberin a largemulti-
membertrusswith respecttoanorigin locatedat aspecificreferencenode.Theconventionis based
ona fixedorientationof theoperatorandthetruss.Thereferencenodefor theautomatedassembly
experimentis thepivot nodeon theaxisof theturntable.Sinceendpositionsof thestrutschange
with theangularorientationof theturntable,thedesignationof amemberfrom thevantagepoint of
therobotmay bedifferent thanthedesignationfrom thevantagepoint of theoperator.From the
vantagepoint of therobot, thetrusscontains12uniquepositionsif the turntableis positionedin
120degreeincrements.

Strut Pick-up From the Canister

Acquiring a strut from the canister (and strut return to the canister during disassembly) is
accomplished using information from a system data base described in Section IV. This information

includes the strut's assigned tray number and the slot number within the tray. The data base also
contains information regarding preattached nodes if the strut is a core strut. The end-effector is

moved from the rest position to a location directly above the tray slot. A logic algorithm is executed
to close any receptacle fingers which may hit receptacles on adjacent struts with preattached nodes.

There are two techniques that may be used to define the location of points for a robot ann. One

technique is to store an absolute location of tool tip coordinates, and the robot controller always
uses the same kinematic solution for that point thus achieving an accurate repeatability. The second
technique is to specify a point in terms an offset or a point that is relative to an absolute point.
Although this method may not be as

precise as specifying an absolute location, it has generally provided adequate positioning.

To move to the tray slot, the location of the tray and the location of the slot are computed as
an offset, or relative point, from a central taught point in the vicinity of the tray system. This
approach was used because the computational storage required to keep each individual strut
location would have been extensive and the time and effort to teach each of the locations would

have been prohibitive. The slots are numbered from 1 to 13, beginning with the slot closest to the
robot, and the trays are numbered from 1 to 9 beginning with the tray at the top of the stack. The
central (reference) position is located in the center (slot 7) of the bottom tray (tray 9).

For strut acquisition the end-effector is lowered to the level of the tray containing the desired strut
and the end-effector platform is extended. At this position the strut grippers on the extended
platform lightly contact the grasp and alignment adapter on the strut. The arm is then moved

incrementally under the control of a force-feedback loop until either a sensor on the gripper jaws
indicates closure or a vertical load of 89 N (20 lbs.) is applied by the end-effector to the strut.
During this operation, all moments and loads in the plane of the tray, are maintained at levels below



3.6N (0.8 lb.) and.56 N-m (5 in.-lbs.) respectively.Wheneitherof theabovetwo conditionsare
met,thegripperjawsarecommandedto belatchedandtheplatformis retracted,extractingthestrut
from thetray.

Sincethe total trussassemblywas themajor goalof the program,the assemblyscenariohadto
include retrievalof eachstrut from thecanisterandtransferof theemptytrays.The strutswere
placedin thetraysasnotedpreviouslyto facilitateefficientpackaging;therefore,thestrutremoval
sequencecould not be sequentialacrossa tray. Also, the packagingefficiency andinterference
betweentheend-effectorandthepreattachednodesrequiredthatnodedstrutsberemovedprior to
anadjacentunnodedstrictin thesametray.Theemptytraysaremovedfrom thesupplycanisterto
thestoragecanisterby using theend-effectorto graspadapterson thetray handlesin the same
manner that the strutsaregrasped.Although most trays were substantiallyfilled, severalstrut
positionsin selectedtrayswereleft vacantto satisfyall assemblyrequirementsandeliminatethe
needto transfertrayswith strutsin place.

Motion Base Moves

Thecarriageandturntablepositions( X, Y, Theta) necessaryfor theinstallationof aparticular
strutarepredeterminedandstoredin adataarrayin theexecutiveprogram.Therelativelocationof
eachmotion basepositionwith respectto anaxisreferencepointis givenin thescenarioincluded
in the appendix. The positionswereestablishedempirically to permit installationof eachstrut
within thereachenvelopeof the armandnot behamperedby arm singularities.Whena strut is
selectedfor installation,the strut nameis parsedby theprogramto determinethe motion base
locationassociatedwith thatstrut.Themotionbaserepositioningcommandsaretransmitted,oneat
a time, to the PC-basedprogramwith thecommandorderdeterminedby a collision avoidance
routine.The PCprogramverifieseachnewpositionandthesystemstatusdatabaseis updatedat
thecompletionof eachmove.All motionbasemovesareperformedwith therobotarmat therest
position and the end-effector locatedabovethe strut canister.This position was selectedto
minimizethedistancethatthearmprotrudestowardthestructure.

The carriagecollision avoidancealgorithm preventsthe robot arm and the motion basesfrom
colliding with anypart of thestructurecurrentlyon theturntable,andat the sametime seeksto
minimize themoves,andthusthetime,requiredby themotion bases.Two pointson thecarriage
areconsideredto be thepotentialcollision points: therobotelbow,andthehandlesof theempty
traysin the storagecanisterlocatedon the left sideof the robot. Collisionsmay occurduring
carriageY-axismovesandturntablerotationsif thecarriageandrobotarmarepositionedtooclose
to theturntable.Due to thetrussgeometry;only thecorestruts,or thosewhichconnectthetopand
bottom facesof the truss structure;are potentialobstructions.A databasethat includes these
potentialobstructionsis includedin theVAX executiveprogramto facilitatechecks.

Thecollisionavoidancealgorithmcomputestheradialdistancefrom thecenterof theturntableto
thepoint on thestrutwhereacollision canoccur,(i.e.,a pointat theheightof therobot'selbowin
its restposition)andtheanglebetweenthispoint'sradiusandtheturntablezeroreference.If this
radiusfor any installedstrut is greaterthantheradiusof eitherof therobotor tray handlecollision
points in both their initial and final positions, then that strut is consideredasa candidatefor
collision.The Y-positionsof boththecollisioncandidateandthecarriagecollisionpointsarethen
comparedto determineif interferenceactuallyoccurs.For motionbasemovesinvolving bothY-
carriagemovesandturntablerotations,thesituationis morecomplex.Here, thesequenceof the
movesmustbeconsideredandthepossibilitythatacollisionmaybeavoidedby makingthemoves
in a particular order must bechecked.If a collision is determinedto be unavoidable,thena
minimumdistanceto movetheX-carriageawayfrom theturntableto avoidcollision is calculated,
andthatavoidancemoveis commandedfirst.
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Robot Paths and Capture Sequence

With the motion bases properly positioned, the robot arm then begins to traverse a predetermined
path to transfer the strut from the canister rest position to the insertion plane where it is to be
installed. Each path consists of a series of points that are executed in a sequential order. Most of

these points are absolute points and the arm is moved from point to point in a sequential order
without pausing between moves. This technique is used because the robot controller defines the

actual robot path as straight line segments from point to point and the system has no method for
specifying a continuous path. Many of the paths contain common segments because the actual
location of the arm is not significant. The primary consideration is that the member does not collide

with previously installed members. Near the end of the path, the speed of the arm is reduced at a
location called the "approach point". At this point the strut is aligned in the insertion plane 10.16
cm (4 in.) directly in front of the strut's location in the truss. The location of the approach point is
critical to final positioning, as is the point where the strut is inserted (insertion point), Therefore the

approach point is defined relative to the insertion point to minimize the number of taught points.

There are three different truss/strut conditions that must be accommodated when members are

inserted; therefore, the final portion of the path from the approach point to the insertion point must

be tailored to the particular condition. The first condition is a direct assembly that entails placing a
strut between two fixed nodes already in the structure. For this case, the end-effector moves
directly to the insertion point and the receptacles on both nodes are grasped for installation. The
second condition involves the installation of a core strut (one which fits between the top and
bottom planes of the structure) with a preattached node at one end. Here, the end-effector also

moves directly from the approach point to the insertion point, however, only the receptacle fingers
(and locking mechanism) at one end of the end-effector operate. After installation, the strut is left

cantilevered from the truss. To minimize the effect of gravity induced strut deformations, only the
core struts were installed in a cantilever condition with a node preattached. The third condition
involves the installation of a member which connects the free end of a cantilevered member with

the remainder of the structure. For this condition the end-effector must move from the approach
point to the deflected position of the cantilevered core strut, grasp that receptacle, then move to the

insertion point before grasping the other receptacle. The intermediate (cantilever) receptacle capture
points for this condition were defined relative to the insertion point and the repeatability of the
deflected struts have made this a successful procedure. Obviously, for a zero gravity space
condition this would not be required. To accommodate the strut cantilever deflection, as well as
several other conditions influenced by gravity, the procedures developed for this demonstration test
may be more challenging than would be required for space operation.

The accuracy and repeatability of the motion bases and the commercial robot are individually
sufficient to perform the structural assembly. However the combination of the positioning errors of
the manipulator system and the relatively high stiffness of the truss can generate significant loads
when the receptacle fingers of the end-effector are attached to the joint receptacles for strut
installation. To minimize the effect of these loads and assist with error free operation of the end-
effector mechanisms, a wrist-mounted force/torque load cell was installed between the end-effector
and the robot. All loads are measured with respect to a reference frame located midway between the
centers of the receptacle fingers. The force/torque cell is nulled at the approach point for each strut.

After the end-effector fingers close on the receptacle, the loads are checked to determine if they are
above the predetermined threshold limits of 3.6 N for loads and 0.56 N-m for moments (typically,
the loads do exceed these limits). The arm is then repositioned as necessary, using controlled
incremental moves. The passive guidance features designed into the truss and the end-effector

guide the repositioning to the exact insertion point. The balancing algorithm consists of calculating
the displacement necessary to eliminate the largest force or moment using empirically derived
stiffness gains. Also, empirically derived limits are imposed so that a calculated move that
substantially exceeds the limit, and may potentially damage the mechanisms, cannot be executed.
After each move the loads are reevaluated and the process is repeated until the loads are below the



thresholdlimits. Thenumberof cyclesgenerallyrequiredto reducetheforces/torquesbelow the
thresholdvaluesisbetween10and30andthefinal armdisplacementsaretypically in therangeof
thousandthsof a centimeter.Following thearmrepositioning, thestrut is movedforwardby the
end-effectorplatformsinsertingthejoint connectorinto thereceptacle.

Theattachmentof thereceptaclesmustbecoordinatedwith theassemblysequence.A corestrut
may be installed in the insertionplanein either of two directions.To maintainuniformity, the
receptaclesonall nodeswereidenticallyalignedandwererotationallysymmetricwith respectto the
axisof thenode.Whenlocatedin theinsertionplaneduring theapproachto thenodereceptacles,
clearancebetweentheend-effectorandtheadjacentstrutsis approximately1.9cm (0.75in.).

Approximately19taughtpathswererequiredto installall membersinsteadof the12cell positions
discussedpreviously.The7 additionalpositionsweretheresultof different robotbaselocations
necessaryto avoid collision situationsand the orientationof the nodesin the trays (stacking
requirementsfor thestrutsin thetraysandthelimitationof attachingnodestoonly corestruts).

End-effector Installation Operations

The platform is extended to insert the strut into the receptacle and the locking nut is turned by a
small gear head motor, locking the strut into place. The strut latches are released, the platform
retracted, and the receptacle fingers are opened to release the structure and complete the installation
process. Sensors mounted on the end-effector are used to monitor the success or failure of each

operation and the sequence does not proceed until the previous operation is successfully executed.

After the strut is installed the end-effector is moved back to the approach point. For those struts
installed to fixed nodes the move back to the approach is direct. For core struts installed in the
cantilever condition, the move back to the approach point requires that the end-effector be rolled
slightly to compensate for the gravity induced deflection, otherwise the joint receptacle will
frequently drag against the fingers and substantially deflect a strut before being released. From the
approach point the robot moves the end-effector back along the same path to the canister rest
position.

Operator Pause and Reverse

The need for a pause and reverse capability was identified early in the hardware checkout phase of
the assembly tests. The ability to temporarily stop the assembly process to consider the safety or
success of the ongoing operation reduced operator apprehension and established confidence in the
system. The capability to pause and reverse is required for system checkout, but is also used
frequently during assembly, particularly where the operation involves close clearances or a video

camera must be adjusted for better coverage. The increased control accorded to the operator
significantly reduces the stress associated with his monitoring task. Pause represents a
nonintrusive level of intervention which, if combined with a graphics predictor simulation and
display, would provide a powerful interface tool for the transfer of internal knowledge to the
operator. The "hold and evaluate" feature is a key element in a supervised autonomy automation
environment.

Error Recovery

Error conditions detected by sensors are reported to the executive program and thence to the
operator for selection of error recovery procedures. These may involve further end-effector action,
such as simply cycling the actuator, or movement of the robot arm to reposition the end-effector
thus minimizing interference and permitting the component to function properly. The robot arm
motions are either in the form of manually commanded adjustments in arm position, as determined
from the video displays, or by the force/torque balancing algorithm. For the manually commanded
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position adjustments the operator is prompted to enter the displacement and rotation that the end-

effector is to be moved in the end-effector coordinate reference frame. This requires the operator to
estimate these distances from the visual information provided by the video cameras. Inexperienced
operators may require supplemental support such as models of the truss hardware or computer
generated graphics displays to aid in this task.

All error recovery actions are commanded by the operator as selections from menus which are

specific to each error. The only exception to the operator intervention is a force/torque balance that
is automatically invoked by receptacle finger closure errors. This was automated because these

errors are easy to correct and it is not necessary to involve the operator. The error recovery menu
also includes two selections which do not involve corrective actions. One is an ability to ignore the
indicated error ("go on anyway") when the the operator can determine from a video camera, or
based upon his experience and the nature of the error, that the indicated malfunction is due to a

sensor failure or is deemed not to be serious enough to warrant action. In this case, the operator
assumes responsibility and the assembly sequence proceeds as if the action was successful.
Another operator option is to "give up" trying to correct the error. In this case, the system is rolled
back to the beginning of the command it was currently executing and stopped. This is done so that
the operator is not rexluired to remember any operational sequences.

Tray Transfer Operations

The transfer of empty strut trays to and from the storage canister is intended to be a simple
operation involving no logic other than the pause and reverse capability. The robot arm always
traverses a fixed path from one canister to the other. Whether the operation involves getting or
storing a tray determines the order in which the canisters are accessed. The tray pick-up with the
end-effector is identical to acquiring a strut from a tray, and in fact utilizes the same end-effector

routines. The tray release function, however, differs from the strut replacement in the tray, in that
when the end-effector reaches the release point, the strut latches are simply opened and the arm is
commanded to move down in small increments until a downward force of 156 N (35 lbf.) is being
applied to the tray. This sets it properly in the spring-loaded pins which hold it in place.

The height of the tray acquisition and release points within the canisters is a function of the tray
number and is calculated in increments relative to the taught point representing the bottom tray
position in the respective canister. This positioning scheme is identical to that used for the struts

and described in a previous section. The trays traverse up and down within the canister against
nylon slides on the corner posts. The initial tray transfer operations were conducted with the trays
fully supported by the strut latches on the end-effector. The tray sides would occasionally rub
against the nylon slides which, because of the width of the trays, imposed a large reactive moment
on the end-effector mechanism. To aid in counteracting this moment, a fork shaped bracket was
designed and installed on each tray which fits on both sides of the end-effector tubular structure.

The bracket also aids in aligning the trays during the transfer and stacking operation.

Truss Disassembly

To remove a damaged strut from the truss or to follow an alternative sequence due to some failure,

the system must be capable of disassembling the truss. Therefore, each component of the system
was designed to be capable of removing the struts from the truss structure and storing them in the
canister trays. The empty trays are also retrieved from the storage canister when required and
placed in the working canister to be filled. To disassemble the truss the struts are removed in

precisely the opposite order from the assembly sequence. It should be noted, however, that the

sequence of component operations required to remove struts is not a simple inverse of the original
install sequence. For example, the cantilever conditions of a strut are not the same when it is

installed as when it is removed resulting in a significant change in the operational sequence of the
end-effector. Therefore, separate logic routines are invoked for the disassembly operations.
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Force/torquepositioningis usedto guidetheend-effectorfor theremovalfrom the structureand
insertionof the strut into the tray slot. Operatormonitoring,pauseandreverseoperations,and
errorrecoveryareidenticalto theinstallationoperations.

SOFTWARE STRUCTURE

Executive Program

The executive software program, shown schematically in figure 11 with typical commands, was
designed in a top-down manner. The program structure is hierarchical to support the "supervised
autonomy" mode of assembly operations. The program was developed around the operational
scenarios and the requirements of the hardware actuators and sensors. Projected scenarios were

reviewed and terminology to clearly differentiate the various components were developed and
modified several times, however, once they were established they were strictly adhered to during
code development. This resulted in a modular program that reflects the total system's architectural
and functional capabilities. The software structure (figure 11) is divided into five levels: planning,
truss element, device, component, and verification. Commands may be entered at any level so that
the system will operate in either a completely automated mode, where high level commands are

automatically decomposed into lower level commands, or in a manual mode where any level may
be entered directly. Commands can only call routines which are lower in the hierarchical structure

and in the same branch. The highest or planning level is designed to be coupled with an automated
assembly sequence planner which is not currently implemented. The automated planner output is
represented by a file of "FETCH and CONNECT" text commands. These are processed by the
second level (truss element) which decomposes them into individual device commands in the
following order: position the motion bases, position the robot arm, and operate the end-effector.
The truss element level also offers the operator the ability to install or remove individual struts at
any time.

Device level commands for the carriages, robot arm, or the end-effector address the subsystems
individually and make it possible for the operator to direct each subsystem manually. The device
level commands are also decomposed into sequences at the component level which actually
perform the specified operation. Although commands at this level are device specific, their
successful execution may require interaction with a second device whose execution involves

another processor. For example, arm repositioning may be required during the "INSTALL"
sequence to reduce loads on the end-effector mechanisms.

The command decomposition sequence at any level is not fixed, but varies with the type of strut
being installed and any special conditions determined from the data base information for that strut.
Data base checks are performed to insure that the specified strut's status is consistent with the

operation to be perfomaed; i.e. a strut to be removed must be currently installed in the structure.
The database is kept current by status updates as each low level command is completed and verified
by sensor checks. Unsuccessful resolution of a problem results in initiation of an inverse sequence
to roll the assembly process back to a state from which replanning may be performed. The failure
information is passed back up through the software hierarchy, displayed on the operator's console,
and the assembly process is paused.

The operator's menu display, shown in figure 12, exhibits the same hierarchy as the executive

software program. The commands currently being executed, including the decomposition of high
level commands, are highlighted on each menu. This allows the operator to follow the action and

observe the trace to the current status. Special windows are also displayed to identify the strut
being manipulated and the status of the device-level components. Dialog windows provide a
running description of the success or failure of the component currently operating and prompts the
operator when a menu selection can be made. An error menu is displayed when a problem is
encountered and a dialog message gives additional information on the error condition. Operational
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experience has demonstrated that since the hierarchical command/display structure were designed
around the operational requirements of the hardware they are very successful in keeping the
operator abreast of the assembly process and aiding him in dealing with the problems encountered.

The system software was developed around the hardware requirements and the defined operational
scenarios using standard software engineering practices. No consideration was given to structuring
the software around the NASA Standard Reference Model (NASREM) architecture described in

reference 5. However, a subsequent comparison of the resulting program structure with the
NASREM architecture has proved interesting. The NASREM architecture is depicted in figure 13a
and the automated assembly executive software structure in figure 13b. As can be seen, the
automated assembly hierarchical structure corresponds closely with the four lowest levels of
NASREM. For example, the NASREM primitive level corresponds with the automated assembly
device level which includes the robot arm, the end-effector, and the motion base. The NASREM

element move level corresponds to strut operations (fetch, connect, remove) in the automated
assembly hierarchy. Figure 13b includes only those functions at each level which were needed in
the automated assembly application. Other activities, such as typical operator commands at each
level and error recovery, are included for completeness. Operator command capability is provided
at all levels, however in practice, it is seldom used below the element move level (fetch and
connect) except for system checkout.

All hardware actions and sensor processing occurs at the component (NASREM servo) level.
Also, all error conditions are resolved by either operator intervention or automated actions at the
component level. Unresolved errors are passed back up the hierarchy initiating an automatic
reversal of the tasks performed at each level. For the assembly task, alternative actions are available
only at the planning level, which take the form of substituting struts for failed members. This
requires replanning the assembly sequence. Aside from the component level, the only other testing
is performed at the element move level. These tests involve physically exercising and testing the
locking mechanism immediately after a strut is removed from the canister. Another test has been
performed immediately after locking a strut into the structure by attempting to retract the strut
platform before unlatching to verify the integrity of the joint lock. A failure of either of these tests
results in the selection of a substitute strut and a replanning of the assembly sequence. The world
model information base (global memory) is updated at only two levels: the device level and the
element move level. At the device level, the end-effector status model is updated at the completion
of each component action. At the element move level, the truss structure model and the storage
canister status is updated with the installation or removal of each strut.

The NASREM architecture provides good conceptual agreement with the automated assembly
application, although not all activities have an entry at every level. The hierarchical model does
provide a particularly concise display for operator visualization. The hierarchical structure is
capable of supporting several assembly operations by providing a standard interface between the
levels. For example, standardization of device-level primitives for several end-effector
configurations used for different assembly operations would allow using the same executive to
direct different tasks. Device level commands could be carried out on a microprocessor mounted to
the end-effector. A microprocessor-based device at the component level has the added advantage of
freeing the operator from the details of the end-effector mechanisms. Analysis of the automated
assembly software has demonstrated that the results are very similar to the NASREM architecture.

The executive software program was initially implemented in FORTRAN to verify the operation
and structure of the specified command hierarchy. The FORTRAN prototype was used to check

out and refine the assembly system operation, particularly the robot state and path sequence logic,
and the error recovery procedures. When the assembly system logic and procedures became stable,
work began toward developing an automated system using an expert system building tool. The
results thus far indicate that considerable savings in both development time and code size are

possible. The expert system provides an inference engine for rule evaluation and a framework for
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the information bases. The FORTRAN program will still be used to provide the menu displays and

I/O interfaces to the operator, the robot processor, the carriage control software, and the end-
effector program. The information base resides in a shared permanent storage on the VAX.
Information included in this permanent storage is restricted to system status which must be retained
from one assembly test to another and information which is shared between the FORTRAN code

and the expert system.

Robot Program

The program to control the robot motion is written in an expanded version of BASIC provided by
the robot manufacturer and is executed on the robot's M68000 processor. The software program
structure is simple and consists of a short execution loop that calls a series of subroutines which
contain the instructions to perform specific commands. Command functions to setup, initialize,
configure, and move the arm are examples of some specific commands. Utility subroutines were
developed to perform special tasks such as repositioning the arm to reduce forces/torques indicated

by the load cell or operator directed position adjustments.

The geometric data for the 19 possible robot paths and the tray storage path segments are stored in
a point definition library or PDL file on the robot processor. The data is stored according to the
path names specified by the command string, so that execution of the utility routines concatenates
the path name onto the robot's "MOVE" commands and the desired path is traversed. When the
arm has completed execution of the specified command, a "DONE" is returned to the executive
program. If a robot motion error occurs during the routine, an "ERROR" message which includes
the robot system state is returned. Interruption of the robot servo power is used to pause the
system during arm motions. The power shutdown is detected by the robot processor and a
"PAUSED" condition is returned to the executive program. A separate monitor function in the
executive program precludes sending of any robot command while the servo power is shut-off.
The robot program software has been deliberately configured to represent a low-level-of-
knowledge system operation. Its primary function is as a repository of the points that constitute the
geometric positions for the 19 robot paths and the tray path storage segments. This is consistent
with the hierarchical structure of the automated system.

System Data Structures

The software program's knowledge of system conditions resides in a shared data base which
contains two basic types of information, (1) the current status of all elements of the assembly
system and structure, and (2) predetermined conditions/positions which are used to direct and
control the robot and motion bases. The current status information is maintained continuously to
represent the physical state of the system at any point in time and thus ensure continuity of system
operations. This is initialized externally and is updated automatically during test runs. The
predetermined position information for the robot and motion bases are points that are associated
with the installation of individual struts. The predetermined position information also describes the
collision free "taught" paths by which the arm moves between the canister and the various
installation positions in the truss. Figure 14 illustrates the data section which is broken down by

the following elements: motion base position, strut type, robot status, tray status, current strut
status, and end-effector status.

The MOTION_BASE_POSITION element stores the x, y and theta values (X_Car, Y_Car,
Turntable) for the pre-determined motion base locations that establish the positioning relationship
between the robot base and the truss. Due to the reach capacity of the robot, many of the struts are
installed with the robot base situated at the same motion base position.

j-
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TheSTRUT_TYPEelement contains all the data necessary to describe in detail the installation and
storage conditions for each of the 102 truss strut members. The struts are identified and accessed

by an alphanumeric designation (Name). The current location of the strut (Where) is accessed by
the system before any strut operation can be initiated. The system must know if the strut is
currently in its tray, installed in the structure, or held by the end-effector. When a strut is selected
for installation, the system refers to a list of struts (Connect_To) which defines those struts that

must be installed in the truss prior to installation of the selected strut. This is a safety feature that
ensures the required initial conditions for installation of the selected member are satisfied. The
secondary reference to the location status (Where) of each strut on this list certifies that all
conditions are met. The installation position (I,oc In Cell) identifies which of the 19

predetermined robot paths is to be followed in installing or removing a strut. If a node is
preattached to a strut the record (Node_End) indicates which nut driver on the end-effector must

not be operated while installing that strut. If the end-effector must capture another node,
(Cap_End) specifies which end. The condition of the installed strut (Cantilever) is used to establish

predefined modifications for the robot path which must occur during the capture sequence. Due to
tray packing requirements, a preattached node may not be located on the correct end associated
with a direct path entry. The record (Flip) identifies this condition and initiates a robot command to
rotate the strut 180 degrees at an intemaediate point in the installation path. To remove or insert a

strut in the tray requires the assigned tray and slot position (Tray, Slot), be supplied. As noted
previously, each strut is installed along 1 of 19 predefined paths. Each state in the path is defined
by a robot position record (X, Y, Z, Roll, Pitch, Yaw) which are the "taught" points that are used
to define the path. The collision avoidance algorithm requires the end position of the core struts be
defined for computation of potential collision conditions. The record (XEnd, Y_End) is used to
supply this information with the strut element.

The ROBOT_STATUS element contains the path and current positioning point on the path (State,
Sub_State) for all strut paths and the tray transfer path, as well as and the current strut/tray
(Strut_Now, Getting_Now). This element also defines is the name of the last strut/tray
installed/removed by the robot (Strut_Just_Had).

The TRAY_STATUS element maintains all infomaation pertaining to the strut storage trays. The
robot path identifier is (Tray_State), and (Tray_Mode) denotes if the objective of the move is to
store or retrieve a tray. The number of the tray that struts are being removed/stored in is noted as
(Current_Tray).

The CURRENT_STRUT element contains information pertinent to the status of the end-effector
for the strut that is currently in the end-effector. The status variables indicate whether the nut driver
sockets are seated to lock/unlock the joint connector (Left_Seat, Right_Seat) and the current status
(locked or unlocked) of the joint (Left Nut, Right_Nut).

The END_EFFECTOR element maintains the current status of the various components on the end-
effector. The records for the position of the receptacle fingers at each end of the end-effector are

(Left_Scar, Right_Scar) and indicate whether they are open or closed. The position of the strut
insertion platform (Platform) and the condition of the strut grippers (Latch) are also maintained

Data examination is available to the operator through the main menu. This provides a direct
method for accessing the status of any component and determining if initialization conditions are
correct. If the operator determines that a value is incorrect or desires to manually override the
indicated status he can do so, but only through password entry into the data base. This protects the

system from haphazard modifications by an inexperienced operator, while permitting flexibility in
control of variables for system set-up and debug. If a user modified variable affects other data

items, the operator is responsible for making these changes also. For example, if the location of a
strut is changed from the tray to the end-effector, the operator must change the status of the end-
effector strut latches from open to latched.
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End-effector Software

The end-effector software has evolved on an empirical basis. The initial task of generating actuator
commands and monitoring sensor output was increased by the need to provide effective error
recovery. This was developed as the end-effector mechanism error modes were identified through
actual assembly tests rather than preliminary bench testing and the solutions were developed
through experience. The need for a pause and reverse capability for the operator and the ability to
roll back following an unresolved error complicated the end-effector sequencing algorithm and its
software.

As noted earlier, the end-effector software evolved into a modular, hierarchical structure

resembling the lower levels of the NASREM model. The software program to implement the end-
effector command hierarchy was initially located in two places. The lower level end-effector
component commands such as "LATCH", "LOCK"', and "CLOSE FINGER" and the actual

interface to the actuator and sensor hardware were implemented on the robot processor in a dialect
of BASIC. This was done because the robot processor was well equipped to communicate with
external equipment and sensors. This provided an excellent testbed environment for the

development of the suite of end-effector sensors, operational sequences, and error recovery
procedures. The higher level end-effector component commands such as "INSTALL"
"REMOVE", "ACQUIRE", and "DROP" were programmed in FORTRAN on the VAX executive
processor. These commands were decomposed into the lower level sequences which were then

passed to the robot processor for execution. Error recovery routines and menus were programmed
on the VAX in FORTRAN.

TESTS

Although the system was designed in a top-down manner; implementation has moved from the
bottom up by subsystem development, testing, and integration; culminating in complete end-to-end
assembly (and disassembly) of the 102 member truss structure in a supervised autonomy mode.
The assembly tests conducted to date have followed a manually-developed assembly sequence
based on taught paths and strut locations. The objectives of the end-to-end tests are to (1) identify
through experience the type of errors likely to be encountered during assembly of space truss
structures, (2) examine the reliability of the system to determine if the concepts implemented are
suitable for space application, (3) evaluate the effectiveness of the operator in resolving problem
situations, (4) quantify the time required for the various portions of each task and, (5) assess the

operator time required to resolve the errors encountered. The testing has resulted in a baseline
which can be used to estimate the effect that changes in individual operations will have on the entire
assembly and a compilation of some of the errors that may be encountered along with a number of
potential solutions.

Each test is directed by a command file that contains a predetermined strut sequence for either
assembly or disassembly. The system executes the stream of commands as they are read from the
command file. If an error occurs the system will execute preprogrammed commands to recover. If

the error recovery commands fail to correct the error, then control is turned over to the operator and
an error recovery menu is displayed. The operator then verifies the problem using the video system
and selects the appropriate recovery action. When the error is resolved the system will resume
executing commands from the command file at the step following the command where the error

occurred. When resolution of the problem from the console is unsuccessful the operator's last
resort is to enter the assembly area with the system disabled and manually intervene to correct the
problem.
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The operatorusesa personalcomputerspread-sheetprogramto record elapsedtimes for all
assemblyoperations,the type of errors,and the recoverytechniqueemployed.The operator's
objective is to resolve the problems from the console using the menu display and video
information.The spreadsheetdatais analyzedto identify systematicproblemsin thecomponent
hardwareand difficult operator interactions.This is then usedto refine the mechanismsand
operationalproceduresto minimize problemsthatrequireoperatorattention.A completeend-to-
endassemblytestis notconductedin onesinglecontinuoustime periodsinceit requires12 to 15
hours,butproceedsin four to six hourblockssothatoperatorfatigue is notafactor.

An assemblytestis initiatedwith threenodesmountedto theturntablemotionbaseandall of the
strutsin the trays of the supplycanister.The robot is commandedto a predefinedcalibration
positionby theoperatorandplacedinto avendorsuppliedselfcalibrationroutine.Thereference
positionof all motionbasesis checkedtoverify their calibration.After all systemcheckshavebeen
madeandvisually verified by theoperatortheassemblysequenceis started.The timing begins
with therobot armlocatedat a restpositionnearthetopof thesupplycanister.Thereareseven
time segmentsperformedduring the assemblyof a strut. Thesesegmentsare illustrated in the
sketchof figure 15.Thefirst timesegmentinvolvesthemovementof thearmfrom therestposition
to thestrutacquirepositionimmediatelyabovethestrut.Thesecondsegmentis thetime required
for theend-effectorto removethe strut from thetray andinvolvesseveralforce/torquedirected
movesandmanyof theend-effectorcomponentoperationsandsensorchecks.Thethird segment
is themovementof thearmbackto therestposition.Themotionbasesarethenmoved(forth time
segment)to thedesiredlocationasdirectedby thecollision avoidancealgorithm.Thearmis then
movedalongthepreplannedpath(fifth segment)to theapproachpoint which is 10.2 cm (4 in.)
immediatelyin front of the installedlocationin the truss.The sixth segmentis the actualinstall
operation and involves the 10.2 cm of arm movement to the install location, force/torque
repositioning,end-effectoroperationsincluding lockingof thejoint, followedby armmotionback
to theapproachpoint.Thelast timing segmentinvolvesthereturnof thearmalongthepreplanned
pathto therestpositionjust abovethesupplycanister.Severalof thesesegments,e.g.armmotion
to the installpoint andarmmotionbackto thecanisterrestpositionmightappearto beredundant,
however,therearedifferencesin theseindividualsegmentsthatcanaffectthetotal time.If anerror
occursduringanysegmentthatrequiresoperatorintervention,thetimerequiredfor theoperatorto
correcttheproblem,aswell asthesourceof theproblem,isrecorded.

A totalof four completeassemblysequencesandfour completedisassemblysequenceshavebeen
conducted,although,only theresultsfrom two of eachhavebeenusedfor dataanalysis.The fh'st
two testswereintroductoryassembliesandasubstantialnumberof changeswereimplementedin
boththesoftwareandthehardwareasaresultof theinitial testfindings.Also thetiming sequences
were substantiallymodified following theintroductory tests.Thequantitativeresultspresented
hereinfor systemtiming, identificationandevaluationof errorsare intendedto characterizethe
currentperfommnceof theautomatedassemblysystem.

CURRENT TEST OBSERVATIONS AND RESULTS

Preliminary Assembly Results

A summary of the results from the two assembly and disassembly tests are presented in figure 16.
The results are in the form of pie charts and the sectors of the pie are the timing segments identified
previously. These results are the total times for all of the 102 members and therefore, they can be
used to determine representative averages for the total process as opposed to values for a particular
strut. The average time for installation is slightly over 9 minutes per strut and the removal time is
approximately 8.5 minutes per strut. The difference in the time required is primarily due to
operations associated with removing and replacing the struts in the storage tray. The time to acquire

the strut in the assembly sequence is longer because this procedure involves a force/torque
balancing to move the arm into position on top of the strut closing the strut latches. This is not
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requiredfor disassembly.Of particularinterestis therelativelylargeamountof timenecessaryfor
end-effectoroperationsduring "INSTALL", "REMOVE" ,"ACQUIRE", and "DROP". These
segmentsarerelatively longbecausethey typically involvemanyactuatorcommandsandsensor
checks.A numberof theactuatorcommandsarerelativelyslow,suchasthejoint lockingandlatch
closingcommands.Theactuatorsandsensorsalso involvea significantamountof communication
betweencomputerswhich typically requireabout 1seceachfor thesimpleserialcommunication
link currently being used.The time shownon figure 16doesnot include the time requiredto
transferthestruttraysfrom canisterto canister.Thetraytransfertimerequiredabout4.75minutes
pertrayor atotal of about38minutespertestfor bothassemblyanddisassembly.

A simple time-motion analysisof the assemblywasconductedfor which every operational
commandwas identified and a estimatedtime to completeeachcommandwasassigned.This
analysisindicated that the assemblytime could be significantly improvedandthat it could be
expectedto beperformedwithin arangeof 3-5minutesperstrutasopposedto thecurrenttimeof
over9 minutesperstrut.For thetime-motionanalysisall actuationcommandswereconsideredto
bedriven by electricalmotors that required3-5 secondsto completeasopposedto the current
pneumaticactuatorswhich takea muchshortertime.Thetimerequiredfor armmotion,which is
associatedwith therobot speed,wasnotreducedbecausetheoperatormusthaveadequatetimeto
react in order to prevent collisions. The assessmentof the current system operator is that
monitoring the arm while operatingat speedshigher thanthosecurrently beingused,would be
stressful and tiring. The major improvement in the assemblytime occurred in end-effector
operationsassociatedwith acquiring the strut from the tray and installing it in the truss.A
microprocessor and associatedsoftware to commandactuatorsand poll sensorshas been
developedandhasbeenimplementedin a secondgenerationend-effector.This newcapabilityis
discussed in reference 6. Retrofitting the current end-effector to be controlled by this
microprocessorcouldeasilyreducethetimefor thestrutinstallationby afactorof 2, andit hasthe
potentialfor areductionof upto 5. In developingthetime-motionestimateit wasalsoassumedthat
adistributedcontrolsystemwith parallelexecutionof someoperationscouldbeimplemented.The
main advantageof this is theelimination of thetime requiredfor motion basemoves(nearly 1
min.) becausetheycouldbeaccomplishedwhile therobotwasmovingto thetray andacquiringthe
strutin theend-effector.

This preliminary timing informationmayberepresentativeof whatis possiblewith anautomated
assemblysystemandit mayappearrelatively slow in comparisonto astronautassemblytimesof
about 30 sec per strut reported in reference7. However, increasingthe speedof assembly
operationsis not the major objectiveof this researchprogram.Of muchgreaterconcernis the
overall reliability of the systemin completingthe assemblytaskand the ability of the system
monitor to successfullycorrecterrorswhentheyoccur.SincenoEVA is plannedasapartof these
assemblyoperationsandthesystemmonitorcould superviseoperationsfrom a terrestrialbased
control room, all thatis requiredis thatthe systemproceedat arateadequateto accomplishthe
desiredtaskin areasonable(asyet undefined) time.

The numberof errors that occurredduring the two completeassemblyand disassemblytests
rangedfrom a high of 74 for oneof theassemblyteststo a low of 28 for adisassemblytest.For
this preliminary testset,moreerrorsoccurredduring thetwo assemblyteststhanduring thetwo
disassemblytests.In all testsover90%of theerrorsthatoccurredweretheresultof displacements
that either prohibited the end-effector from properly functioning or causeddifficulty in
removing/insertinga strut in thetray. All positioningproblemswerecorrectedby theoperator
usingeithertheautomatedforce/torquebalanceroutineor theadjustcapabilityto slightlyreposition
thearm.Theadjustmovesaretypically in therangeof 5.1mm(0.2 in.).Theaveragetimerequired
for the operator to confirm the problem,makean independentassessment,and completethe
correction was about 2 minutes per error. This is indicative of the effective error recovery
procedureswhichhavebeendeveloped.Althoughthetiming profilesdiscussedpreviouslydonot
includethiserrortimeit doesnotcontributesignificantlyto thetotalassemblytime.Theremaining
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errors were the result of a variety of mostly minor problems, several of which were so

inconsequential that the operator was able to determine that it was safe to proceed without taking a
corrective action. Only about 1% of the struts required the operator to manually intervene and most
of these were associated with errors in the length of the truss members that caused difficulty with
member insertion. The truss is a redundant structure and although the length of each member is
nominally the same, there are small differences in the member lengths due to fabrication errors.
The joints were designed to compensate for some error in length and to have passive guidance
features that would assist with misalignments. These guidance features, however, did not have
adequate ramping and modifications to the basic design have been initiated.

The quantitative results for both assembly times and the errors encountered are presented more for

interest and completeness than as a prediction of the achievements capable with a significantly more
sophisticated space based system. The system is in an evolutionary development process,
therefore, these results must be considered as a "snapshot" in time during the preliminary phase,
and not the best that can be achieved with an automated system. As the evolution proceeds, the
assimilation of advanced techniques (discussed in a subsequent section) such as machine vision are
likely to significantly affect both the installation time as well as the number of errors that will be
encountered.

Test Observation Results

Normally in a discipline oriented research program, a systematic approach is taken to implement
improvements and assess the resulting changes in performance against some established reference

or baseline. That approach is unsuitable for this study for several reasons. First, this program is
structured around the development of a generic technology with application to a number of
proposed missions, as opposed to being developed for a particular project for which a set of
guidelines and requirements have been established. Second, identifying specific requirements,
communicating them effectively, and assessing the impact of a proposed approach is more difficult
when the research crosses discipline lines. Third, there is no data base or reference to judge
progress or improvements against. Since there is no established methodology, the research is very
dynamic with small perturbations occurring constantly. For example, in the process of evaluating
an approach which is either unsuccessful or marginally successful, an approach that may be very
successful will become evident. Therefore, the most important and potentially useful results at this

stage of system development are qualitative results and observations. In addition to the specific
items noted below, a major realization from this test experience is that most of the problems
encountered and resolved would not have been evident using solely, graphic simulations or bench
tests of separate components. The following is a compendium of the observations and results to
date:

(1) Integrating robotics into the initial design has been a key element in the success of this

program, as opposed to retrofitting existing hardware, developed for astronauts or other assembly
methods to automated telerobotic assembly operations.

(2) The development of test hardware that is designed around the use of simple components that
are commercially available has aided in the ability to initiate tests quickly and to overcome problems
through hardware modifications as well as software adaptation.

(3) The concept of having the end-effector grapple the structure while inserting the strut in the

receptacle has proven to be operationally successful. Using the robot arm to push the strut directly
into a receptacle, which was considered early in the development, simply would not have worked.

Any drag from friction that occurs during insertion, or misalignments, will move the receptacle and
thus compound the problem. Also, for many truss structures that require assembly the direction of
insertion cannot be aligned to lie along the axis of a supporting member to react the insertion load.
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4) Reliablestrut installationwasachievedonly throughcompliantmovesprovidedby a wrist-
mountedforce/torquefeedbacksystem.Misalignments,(althoughtheymaybesmall)whichoccur
throughnormalpositionalerrors,causehigh loadsto beinducedin theend-effector.A stiff robot

arm attached through the end-effector to a stiff truss makes some form of compliance necessary to
relieve the loading on the end-effector operating components. During force/torque repositioning,
the final positioning of the arm typically involves motions as small as 0.002 cm.

(5) Passive guidance features designed into the end-effector and joining mechanisms have
significantly aided capture of the joint receptacle by the end-effector fingers and installation
operations. Modifications to the passive alignment features of the joint receptacle, as indicated
earlier, are required to overcome installation difficulties.

(6) Positive actuation of all capture and release functions is mandatory. Spring actuated release
mechanisms were initially incorporated into the design of the end-effector and they proved to be
unreliable due to loads caused by misalignment. Also solenoid-actuated latching devices were not
effective. A robust positive force capability is needed for all power driven actuation devices.

(7) Full instrumentation of the end-effector is essential, particularly for automated operations.
Checking each step, using simple instrumentation sensors, made end-effector operations very
reliable. Approximately 33 tests are performed by the end-effector in removing each strut from the
canister and installing it into the structure.

(8) Video camera coverage is necessary for observing end-effector component operations and
verifying the end-effector instrumentation.

(9) Surveillance and over-the-shoulder video camera coverage is essential for operator viewing of
system operations. However, the complex paths, the lack of depth perception, and the number of
camera positions required to ensure collision free paths, appears to make teleoperation for any task
other than error recovery difficult. Teleoperation capabilities for complex assembly paths and tasks
similar to those examined in this investigation need to be evaluated.

(10) The capture and installation of gravity-deflected cantilevered struts presented fewer problems
than originally anticipated, due to the repeatability of the strut's deflected position.

(11) The assembly process must be under computer control. It is difficult for even highly
experienced operators to remember system status and operational sequences. All manual
commands and operator intervention should be verified by knowledge-based tools to ascertain their
advisability and safety before execution.

(12) Complete database information is required on the status of the system to make decisions and
resolve conflicts. The database informationmust be checked and updated by system sensors at
program initialization and kept current by sensory input at the lowest level possible. The database
update must be done automatically rather than being left up to the operator. All levels of the
command hierarchy check the database prior to issuing each command to avoid unnecessary or
conflicting commands.

(13) The software was designed primarily from the point of view of the operator and his role in
controlling the system and handling errors. The resulting modular hierarchical format has remained
virtually unchanged during the evolution of the system and it has proven to be very successful.

(14) Errors detected at the component level must be resolved before the assembly sequence can
continue. The error condition is passed up through the command hierarchy and, in some cases, can
be resolved by alternate actions at a higher level.
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(15)Thedynamichierarchicalmenudisplaysprovidea concisesummaryof what theautomated
systemis doingandwhy, andareessentialto theoperator'sunderstandingof thesystem'scurrent
statusandits progressin theoverallassemblysequence.

(16) A manual"adjust" capability to commandsmall changesin the end-effectorposition is a
desirableand usefulfeature.The adjustmentrangeshouldbe limited by the software to avoid
collision in theeventof operatorentryerror. A teleoperatormodemay be useful andis being
consideredfor implementationandevaluationpurposes.

(17)For theoperator'sconvenience,everyoperationmust be interruptible, or able to be paused at
any point, to give the operator the capability to survey conditions and decide if the process is
proceeding in an acceptable manner. From the paused condition, every operation must be
reversible to permit the operator to roll-back to a known or successful condition.

(18) Clear, concise naming conventions for the truss members, the assembly system devices, and
the component commands is vital to the operator's ability to monitor and intervene in the automated
operation in an expedient manner. The name designations that finally evolved are simple but the
process was surprisingly difficult and many of the names were modified several times before a
suitable convention was agreed upon.

(19) Bench testing of strut joining is not a substitute for "insitu" operations. The problems that
surfaced during actual assembly were more complex than those that are likely to have been
encountered in controlled situation bench testing. Also, tests with real hardware are time

consuming and expensive, however it permits many of the real problems to surface. Graphic
simulation, while necessary and effective, will not substitute for test hardware experience.

(20) In the event of an error, it is very desirable to be able to automatically roll back a composite
command to the initiation point prior to handing control back to the operator. Otherwise the
operator is required to recall the sequence of primitive commands at the point where intervention is
necessary and he must be prepared for any error situation.

(21) Receptacle presence sensors were mounted in the receptacle fingers to detect the joint
receptacle. This relieved the operator from having to monitor the capture of cantilevered struts and
eliminated many of the initial error conditions.

(22) Experience has led to the incorlaoration of several automated error recovery features. One of
these is a force/torque balance for receptacle finger closure errors so that the operator is not
bothered by routine easily corrected problems.

23) The force/torque balance algorithm has been limited to 30 iterations to safeguard against limit
cycling. °

0

(24) The receptacle fingers are the most vulnerable end-effector component and several sets have
been distorted due to robot position errors and loss of robot and/or motion base calibration. Since

errors are likely to occur, the most vulnerable end-effector component must be capable of taking a
substantial portion (or potentially all) of the full robot force capability without failure. An
alternative would be to use the failure value of the most vulnerable component as a robot control
limit.

Subsystem testing was helpful in the early development phase, however, it became apparent that
tests of this type would not identify many of the problems encountered in the full assembly tests.
Most of the problems encountered in the full assembly tests were problems which could not have
been anticipated. For example, bench testing of strut installation with the end-effector would not
simulate all conditions encountered in the actual in-situ installation of a strut in the truss. It became
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apparentquickly thatfew strutscouldbeinstalled,evenwith thepassiveguidancethat hadbeen
designedinto the hardware,without the useof force/torquefeedbackpositioning. Most end-
effectoroperationswereinitially performedmanuallyby initiating commandsat thecomponent
level.Thisdemonstratedtheneedfor additionalsensorfeedbackandhelpedto developthescenario
for thecorrectionof errorsandtheneedfor automatedroll-back to theconditionthatexistedprior
to the error. As the higher levels of automationwere integrated the value of the dynamic
hierarchicalmenu display was recognizedalong with the needfor a "Pause"and "Reverse"
capability. A significant portion of the systemcapability, especiallywith regardsto software
requirements,wasempiricallydevelopedfrom theproblemsthatwereencountered,mostof which
couldnot havebeenanticipatedwithoutthehardwareexperience.

The merging of basic technology in robotics, structures, and mechanical design into an
interdisciplinary effort that hasused a generic building block as a researchfocus hasbeen
successfulin advancingthetechnologyin a relativelyshorttime. Addressingthetotal integrated
task,asopposedto componenttesting,has forced all aspectsof the task to beevaluated.No
problemshavebeenencounteredwhich would indicatethat automatedassemblyis not a viable
option for in-spaceconstruction.All of thefundamentalprocesseshavebeenaddressedandthe
systemis fully functionalin ansupervised,automatedmode.This hardwaretestingindicatesthat
the basic methodology developedin the areasof mechanismsdesign, assemblytechniques,
softwarestructure,andoperatorinterfacewill applydirectly to a space-basedautomatedassembly
systems.

FUTURE RESEARCH OPPORTUNITIES

The research conducted to date has provided insight into additional studies that are needed to
advance the current state of technology. Most of the topics listed in the subsequent sections have
been initiated and the research is in differing stages of development. The intent is to identify these
activities and thereby demonstrate the breadth of the research activity

Vision System

The practice of operating a structural assembly system that relies totally on the use taught
points for strut capture and installation is neither flexible nor robust enough for space operations.
Therefore, work on a sensor guidance system has been initiated to develop and evaluate the
capability to locate and guide the robot to a passive target mounted on the joint receptacle. Another
benefit of a sensor guided system is its ability to aid in the implementation of a second generation
end-effector that is capable of installing struts one end at a time.

Several alternatives for locating the joint receptacle and guiding the arm have been considered and a
variety of sensor options are available: infrared, laser-guided, and optical. Two of these options,
infrared sensors and optical machine vision, have been evaluated. The use of infrared sensors was

ruled out after initial tests because the tests indicated the need for a large servo range to accurately
track distant targets and the implementation would have required the use of multiple sensors for
the total guidance operation. Therefore, attention has recently focused on the potential for use of a

machine vision system. Incorporation of a vision system into the assembly operation was delayed
until sufficient progress had been made in the vision development and the assembly scenario
requirements.

The telerobotic delivery of a strut from the canister to installation in the structure is projected to be
made up of three phases: (1) - an automated path planner which uses geometric information on the
structure, robot arm, and carriage positions to guide the arm to a position where, (2) - a camera
mounted on the end-effector can locate targets on the node to which the strut is to be attached and

guide the arm to a position where the end-effector fingers can grasp the joint receptacle. At this
location the, (3) - force/torque feedback can be used to precisely align the end-effector for strut
insertion. Although a path planner for the automated assembly system has not been evaluated, it is
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estimatedthat suchatool shouldbeableto guidetheann to apoint within approximately0.46m
(18 inches)of the strut's installationpoint and be locatedwithin about+ 5.1 cm (2 in.) of the
desired location in each of the three translational tool tip coordinates. This point is denoted as the
Vision Approach Point. At this point the vision system would discriminate and locate the target,
then align and guide the robot to a point near the joint receptacle. The targets must be specifically
designed, accurately fabricated, and positioned on each node receptacle to provide the information
necessary to guide the robot end-effector to the proper alignment position with the node receptacle
at about 13 cm from the node for strut insertion/removal.

A system has been designed and preliminary target acquisition tests have been conducted in the
assembly test facility. Implementing the vision system introduced a number of hardware issues.
One major concern was the limited space available for the location of the camera on the end-effector
and the target on the node receptacle. Also, the camera had to be aligned with the target and be
nonobtrusive so as not to affect the assembly scenario or end-effector component operations.
Therefore, the video images for these tests were produced by miniature Charge Coupled Device
(CCD) video cameras similar to those already mounted on the end-effector. Since these miniature
video cameras do not have the capability for remote focusing and iris setting, the range of operation
and lighting conditions must be bounded.

The primary advantages of the vision system are the capability to acquire the desired target with
little or no servoing, to provide a real-time view of the image scene to the system operator, and to
process the images at a rapid rate. The current image processing hardware consists of a
commercially available system configured with processor boards to perform the tasks of image
capture, storing, thresholding, centroiding of regions (blobs), and graphical display. It is hosted
by the executive computer. Controlling software has been developed to process images through
the various processor boards and provide for operator interaction.

Figure 17 shows a photograph of the receptacle target currently used which measures
approximately 1.3 cm by 2.5 cm. The light-colored dots on the flat black background are made of a
retro-reflective material and are arranged in a distinctive pattern to facilitate target recognition by an
image processing algorithm. The current target design satisfies a variety of requirements: it is small
so as not to interfere with the fingers of the end-effector; simple and accurate; capable of being
mass-produced; unique enough to be distinguished in a varying and highly-cluttered background;
and provide information from which range can be determined in addition to planar positioning, so
that the arm can be guided to the target in three-dimensional space.

To simplify fabrication the target is constructed in layers. The bottom layer is a commercially
available retro-reflective tape which has a high reflectivity for light rays that are incident parallel to
the optical axis of the video camera. The top layer is a thin sheet of flat-black anodized metal to
reduce its reflectivity, thereby providing a high contrast between the target dots (blobs) and the
surrounding background. This black surface acts as a mask for the bottom layer and reduces the
possibility of dots blending with each other or the background in the processed image. The domino
configuration of five dots is simple enough to be accurately mass-produced and its geometry makes
it relatively easy to discriminate from most background clutter. Only four dots are needed to
determine the target's position and orientation; using five dots introduces some redundancy and
allows for the possibility that one dot may be obscured. The target is illuminated by a small light
source mounted adjacent to the video camera lens as shown in figure 18.

Conditions in the laboratory have not been altered to simplify the image recognition process since
the goal of the vision system is to enhance the robustness of the overall assembly system. Since the
desired outcome of the image processing is to extract the correct target from its background, a
combination of processing tasks which take advantage of the target dot configuration is employed.
The first task is to acquire an image from the video camera and store it as a gray level digital image
in a frame buffer. A technique which utilizes histogram information is used to determine the
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appropriategraylevel threshold,between zero (black) and 255 (white). This reduces the amount of

information in an image that must be processed, and tends to eliminate much of the background
clutter. The next step is to identify regions of contiguous pixels, called blobs, that have nonzero
gray level values. Checks are made to evaluate the circularity of the blobs. The centroid of each
circular blob is defined in terms of pixel coordinates relative to the processing board. At the end of

this screening process the individual centroids of each target dot are sent to a four-point quadrangle
algorithm. This algorithm uses the centroidal information of four of the five target dots located in

the image plane to compute the three-dimensional location and orientation of the target relative to
the end-effector. This information is passed from the vision control program to the robot arm
command program which determines the corrections necessary to align the end-effector with the

node receptacle. This procedure is performed iteratively until the end-effector is properly aligned
with the node receptacle. If during the image processing cycle the target dots evade detection,
either by incorrect thresholding or centroiding, tolerances placed on the various checks are
automatically adjusted until either the target is correctly identified or the system operator chooses to

intervene. If a situation occurs that prevents the vision system from identifying the target the
system operator may identify the target thus enabling the vision system to proceed. Additional

development tests are anticipated to evaluate the vision system performance under a broad range of
environmental conditions. The interface between the vision control program and the robot
command program is underway.

Installation of Panels

The assembly of a bare truss that has no instruments or surface represents only a part of the task of
assembling useful spacecraft. In general, the parts of such systems will be both diverse and
complex. To accomplish a host of assembly operations there is a question whether this should be

performed by developing a general purpose manipulator tool or have a special tool for each
operational phase. To gain some experience in the application of interchangeable end-effector tools,

development is underway to expand the assembly task to include the installation of reflector-type
panels. An end-effector has been fabricated that is capable of acquiring a 2 meter wide hexagonal
panel at three vertex points and attaching it to three nodes on the top surface of the truss. This
operation will require a coordinated strut and panel assembly scenario that is outlined in reference

10. The procedure involves using the strut end-effector to assemble part of the truss, parking this
end-effector and acquiring the panel end-effector to install several of the twelve panels. End-
effector change operations occur several times during the integrated assembly and are accomplished
using a quick-change device mounted between the robot wrist and the end-effectors.

The robot arm tasks for panel installation are relatively simple compared to strut installation. The
path and procedures for the panel end-effector are identical for all panels, only the position of the
motion bases are different for the 12 panels. Some of the procedures developed for strut
installation have aided developing those for panel installation. The panel is removed from a canister
which is adjacent to the X motion base and moved to a location that is just above the nodes on the
top of the truss. Fingers on the end-effector grasp two of the truss joint receptacles to establish
position and alignment. The panel is rotated around these receptacles and aligned with the third
node. Actuators lower the panel onto the three support nodes simultaneously where it is latched in
place. The latches are lock-bolt type units which release the panel from the end-effector at the same
time it is attached to the truss. After the panel is attached to the truss the end-effector is withdrawn
from the truss to acquire the next panel. The panel end-effector will be instrumented with sensors

to monitor each function and the installation will be controlled by a microprocessor similar to the
one developed for the second generation strut end-effector (to be discussed later). Panel assembly
tests are anticipated to begin soon.
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Sequence Planning

The sequence for the automated assembly tests conducted to date was developed manually and
required several modifications before the final sequence was established. It was a laborious task.

For larger space trusses that may involve thousands of members or for the development of repair
scenarios, even trained human planners frequently fail to detect dead-end sequences until much
time and effort has been wasted. The development of a scenario for replacing a member in a
damaged truss or replanning a sequence because of an unexpected error cannot be done in advance
because it is virtually impossible to anticipate every failure. Speed and reliability will be very
important in these replanning efforts. Therefore, a cooperative program with the Jet Propulsion
Lab is underway to develop an assembly sequence planner.

The technique is based on representing the set of all assembly plans by either directed graphs or by
AND/OR graphs. The nodes in directed graphs correspond to states of the assembly process and
the arcs in the AND/OR graphs correspond to assembly tasks associated with joining two
components or subassemblies. Feasibility conditions and cost functions are the tools used to
develop and gauge the quality of each solution. The algorithm for generating a sequence develops it
in a backward manner. It begins with the state goal which has all of the components connected
together and ends at the initial state with all of the components disconnected. Details of the
operations and procedures for the assembly sequence planning can be found in reference 8.

Path Planning

The use of predetermined, taught points and paths for delivering struts into the structure for
installation is simply not robust enough for a viable flight system. The complexity of the truss
geometry, the limited reach of the robot arm, the total degrees-of-freedom available for positioning,
and the length of the struts presents a challenge for the determination of collision free paths. By the
same token, the regularity of the truss geometry and the rod shape profile of the struts makes an
automated path planning tool easier to implement. Therefore an effort is anticipated to implement an
on-line automated path planner that incorporates the data base system developed for the assembly
operations. Several approaches to the path planner may be explored. One technique is to define the
geometry of the truss and use a combination of geometry and vector algebra. A second technique is
to utilize a simple potential field model, several of which are discussed in reference 9. A path
planner would be expected to deliver the strut along a collision free path to a location where the
machine vision system, discussed previously, could assume control at the vision approach point.
The path planning tool will be evaluated with the graphics simulation (to be discussed later) prior to
tests with the assembly hardware.

Assembly of a Linear Truss Beam

One desirable objective is to evaluate the feasibility and difficulty of constructing other truss
configurations using the same assembly system internal knowledge. This possibility has only been
recently explored and the initial indications appear promising. The truss configuration under
consideration is a linear tetrahedral beam as shown in figure 19. The beam uses the same struts and
nodes as the ring structure, but rather than building complete rings, struts are added to the ends of
a beam formed on opposite sides of the turntable. Detailed analysis of this scenario reveals that the
automated system already contains all the information required for the installation of these struts.

All that is needed is to produce a different truss configuration is an appropriate change in the
assembly sequence which drives the automated system. The assembly sequence for the beam has
been generated, but not yet tested.

The arrangement of noded and unnoded struts in the canister is fixed by geometry and node
receptacle interference considerations. The development of a planning algorithm which uses a
"node or no node" request during the assembly sequence to locate and select struts from the
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canisteris relatively simpleto implement.Current planscall for actually assemblinga linear
tetrahedralbeamto verify that thesystemchangesareindeedminimal andto developandtesta
simplestrut searchandselectionalgorithm.As afurtherextensionof thiseffort, a fixture is being
developedfor theturntablewhich will enablethebeamto beconstructedfrom oneendandthen
pushedthru a setof tracksso that eachbaycanbe indexedforward after it is assembled.This
fixture will permit the assemblyof beamsthat havearangeof memberlengthfrom oneto two
meters.

Second Generalion End-effector

A second generation end-effector that is capable of acquiring a strut at one end only and installing it
into the truss has been designed and fabricated. This end-effector will enhance the versatility of the
system by providing the capability to assemble contoured trusses that have members of different
lengths and to install system payload modules. Implementation of this end-effector will be
challenging because the end-effector will be required to capture and connect struts that are
cantilevered from the truss. Operations are not anticipated to begin until the path planning and
vision systems have been fully developed and demonstrated.

The second generation end-effector hardware is very similar to one end of the current end-effector.
Two strut grippers are located on the strut insertion platforms and a set of tube-gripping fingers has
been added inboard of the strut grippers to aid in stabilizing the strut. Actuator and sensor
functions are also similar to the current end-effector. Operational sequences will necessarily be
more complex because every strut will have to be inserted at one end and then captured in a
cantilevered condition and installed at the second end. This will also increase the installation and

removal time. However, this new end-effector will incorporate an onboard dedicated
microprocessor to command actuators and verify successful operation through the interrogation of
sensors. The motivation for development of an onboard microprocessor is to reduce the number of
signal lines from the end-effector and to incorporate a distributed computational capability that is
capable of supporting concurrent operations. An 80535 microprocessor has been procured to
control the end-effector which will communicate with the executive program upon request via RS
232 serial lines. All end-effector software code and logic is implemented in "C". This includes both
sequence control and sensor monitoring functions. While the microprocessor decision was driven

primarily by communications considerations, an added benefit is the ease of accommodating
several interchangeable end-effectors with the same executive program and command interface.
This effectively makes the end-effector a stand-alone device, capable of performing standard high-
level commands, monitoring its own sensors, and providing diagnostics and operator information
for its error recovery. With this capability in place, an end-effector can perform standard functions
such as "INSTALL" and "REMOVE" autonomously, so the executive program will not have to
handle the detail of how a function is performed, only whether it was successful. These commands

may be general so they refer to whatever object the particular end-effector is dealing with and
thereby the executive software can be reduced significantly. The speed at which end-effector
operations are performed will be increased because the processing of sensor checks will be based
on interrupts. This will offset, to some extent, the increased operational time for installation and

removal. The microprocessor-based end-effector control has the added potential of speeding up
total system operation by making motion base moves and some end-effector operations concurrent.
An example of this would be the capability to move the motion base carriages into position while
the end-effector picks up a strut from the canister.

Graphics Simulation

The large amount of internal information involved in the automated assembly system, the need for
clear, concise transfer of this information to the operator, and a desire to minimize operator training
and experience requirements make 3-D computer-generated graphics displays extremely attractive.
The ability to graphically simulate what the system is trying to accomplish will allow the operator
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to accurately anticipate the operation about to occur and permit a visualization of any intervention

operation that may be contemplated. Also, the ability to depict mechanisms and assembly
operations from any, even a physically impossible, perspective could save in the assembly
system's video coverage and lighting requirements. Another benefit of graphics simulation is the
capacity to develop and check out software and system algorithms in a safe, non-hardware

environment where all parameters are under simulation control. This would speed-up software
development and thereby significantly reduce the cost. A final graphics simulation feature is the
ability for rapid prototyping of system concepts and configurations.

A graphics simulation and display system has recently been procured and the development of a
simulation is underway. One aspect that will be evaluated in initial simulation studies is the need

for real-time simulation operations. It is not presently clear that the operator displays are required to
operate at real-time rates or if sufficient information can be obtained, and a simulation can be
effective that operates at other than a real-time rate.

Operator Training and Human Factors Evaluation

The control system was designed to perform the truss assembly with minimal operator
intervention, however, there are many instances (particularly in dealing with system errors) when
the computer software must present information to the operator and elicit a response. When the
software was initially developed some consideration was given to the selection of names for
commands that would be identified with hardware function and error names that elicit the

appropriate response. No formal evaluation of these terms was conducted and personnel skilled in
human factors were not consulted. In light of the current state of the system and the opportunity for
using it as a test-bed for other studies, it became apparent that unskilled operator training and
issues associated with human factors should be formally considered. Issues that may be evaluated
are the type of information and the kind of visual aids which will be most helpful to the operator.
One operator aid currently being developed is computer controlled video coverage (camera
selection and pan/tilt/zoom) which will ease the task of monitoring operations.

To examine these issues it is anticipated that personnel skilled in human factors studies will be

consulted to evaluate the current system and recommend an assessment plan. It is anticipated that
this will involve some testing and evaluation using unskilled test subjects as assembly system
operators. These operators will be provided with a common level of training and instruction on the
hardware and software menus. This may be in the form of a video supported by hands-on-training
at the console with a skilled instructor. For the actual tests, the assembly tasks will be seeded with

a planned sequence of errors so that all operators will be required to deal with the same problems
under the same set of conditions to accurately assess their performance.

CONCLUDING REMARKS

Techniques for construction and assembly in space other than those that traditionally rely on
astronaut Extra-Vehicular Activity (EVA) must be explored. One alternative that is being examined
at the NASA Langley Research Center is the use of an automated telerobotic system that uses an
Earth based, or a space based, executive monitor to track the operation of robotic truss assembly
and intervene only when the automated system encounters a problem and requires assistance. To
examine the operations and obtain some practical experience a hardware test bed has been
developed. The test bed was designed to incorporate off the shelf hardware and existing
components to quickly obtain some practical operational experience. Several end-to-end assembly
and disassembly tests have been conducted to date. The success of the research conducted in the

test bed provides a very encouraging outlook for the realization of a space based operational system
in a orbital, lunar, or planetary environment. One key item is the basic experimental approach
which was developed around the detailed study of a focused problem. This proved to be essential
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in identifying the real issuesand directing the effort toward well defined requirementsrather
general concepts.Few of the significant problems and test observationsfor the automated
assemblyprocesswereanticipatedprior to thiseffort andmanyinitial concernsnevermaterialized.
Theviability andperformanceprojectionsof automatedsystemconceptshavelittle relevanceunless
theyarebasedondetailedconsiderationof thetaskoronpracticalexperience.

One key element is that the programwas developed around a cooperative, interdisciplinary
approach to the designs of both the assembly system and the structure being assembled. All aspects
of the automated operation were developed from a total system viewpoint. Experience has shown
that the impact of automation on the design of vehicles and systems is just as important as the
functional design of the system itself and close coordination between the required functional
requirements and the automation aspects must be maintained. An important factor also is the
development of a system software and program structure based upon the needs and the role of the
operator in error resolution. This led to effective error resolution by the operator and contributed to
the current success of this supervised autonomy mode.

The test experience has highlighted the necessity for "in situ" development and demonstration in a
realistic testbed of all aspects of the required system, as opposed to simple bench testing of
individual components and end-effector mechanisms. The current LaRC automated structures
assembly facility provides both a baseline assembly system and modification potential to
accommodate this need in many technology areas encompassing both automation and structural
design.

It is recognized that much remains to be accomplished before such a system will be ready for flight
test operations. For the current program, however, it was decided to delay development of
advanced operations anticipated to be required for a flight system until a practical experience base
could be developed that would provide a clear definition for advanced research tasks. The
experience gained to date has now provided that direction. The reliance on the use of taught points
is not adequate for space operation. Therefore, a preliminary machine vision system that is capable
of identifying and locating a passive target to guide the robot to the strut installation position has
been developed. The incorporation of other tasks in the assembly operation, such as, the
installation of reflector panels has been initiated. No viable automated system for space operation
could successfully operate without both a knowledge based sequence planner to deal with
unanticipated failures and a path planner. The testbed experience has provided a better definition of
the requirements for these efforts, an excellent facility in which to evaluate their operation, and a
reference data base against which they may be evaluated.
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APPENDIX A

Initial Conditions and Guidelines for Development of Truss Assembly Scenario

The following rules and guidelines have been formulated to assist in the development of the
tetrahedral truss assembly sequences and scenarios. They address the considerations for structural
stiffness and integrity during assembly, strut and node packing in the canister trays, and the robot
and motion base constraints. The intent is to formalize these rules into a knowledge base for a goal-
directed, automatic task sequence planner. The rules have been categorized into those applicable to
the structural configuration, the tray packing conditions, and the robot and motion base constraints.
By modularizing the knowledge base the assembly sequences may be easier to change.

Initial Conditions

1. The truss has 102 members and 31 nodes and (19 nodes in the top plane and 12 nodes in the
base plane).

2. The three base support nodes are set in place prior to initiation of assembly. These base nodes
are fixed and are used as anchor points for stabilizing the truss system.

3. The ring assembly starts by building the center tetrahedron, then proceeds to the first ring. This
is followed by assembling the lower part of the second ring and the unit is completed by
constructing the upper part of the second ring. This process was adopted to aid in tracking the
process and avoid leaving a member out of the truss as opposed to a requirement. However, it
does aid in reducing the amount of structure that may be assembled asymmetrically thus reducing
the time/distance required to move the X carriage so it will clear the robot when repositioning the
turntable.

Structural Configuration Considerations

4. A truss member can only be inserted in the plane of the square base of the pentahedron.

5. The entrance receptacles of the core struts are rotationally aligned.

6. A tetrahedral unit is completed before additional members are added to start a second tetrahedron
supported by the first.

7. Two tetrahedrons may be partially developed and connected if they are supported by a third unit
that has been previously completed. (i.e. A pentahedron may be completed before the two adjacent
tetrahedrons are completed.)

8. Assembly is developed in rings and the rings are broken down into repeating subelements.
Each subelement is completed before beginning the next subelement. After all subelements in a
ring are assembled they are interconnected to complete the ring.

9. Only core struts are cantilevered to minimize deformations due to gravity and these cantilevered
struts each have a preattached node. A cantilevered strut must be anchored to a completed
tetrahedron or to one of the three fixed base nodes.

10. After installation of a cantilevered core strut, a face strut was always installed that would tie the
cantilevered end to a fixed node. One cantilevered member cannot be cantilevered from another.
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Tray Packing Conditions

11. Nodes are preattached to the members in the canister and are not free to be moved from one

strut to another. In fact, the end-effector is incapable of removing a node and placing it on another
strut. However, a prenoded strut could be removed and replaced by simply unlocking the joints if
it has at least one other core strut attached when the strut is removed.

12. Each canister tray holds up to 13 struts.

13. Trays must be removed from the supply rack and installed in the storage rack in the order (and
orientation) that they are stacked as there is no provision for temporary storage. The members are
required to be oriented in the proper direction, i.e. the node on the correct end, when they are
inserted in the truss. This is handled in the assembly sequence as a "flip".

14. For the current assembly scenario all members of a tray are removed before a tray is stored in
the tray holder, however, not all positions in the trays are filled. Some spare struts could be
permitted to remain in a tray while it is moved. They should be kept close to the center of the way
to minimize the inertial unbalance of the tray. The center storage position of the struts must be
open to permit the end-effector to access the arms that are used to pick up the tray.

15. When the end-effector fetches struts from the tray it cannot fetch an unnoded strut immediately
adjacent to a noded strut with the noded strut in the tray because of interference between the scar
gripper and the adjacent node.

Robot and Motion Base Constraints

16. The robot reach and the axis constraints must not be violated.

17. The number of predefined robot paths and taught points should be minimized.

18. It is desirable to insert as many struts as possible at a given carriage and turntable location
within the range of the robot arm. The robot base positions (X and Y carriage position) where
chosen to maximize the number of struts inserted at a given location.

19. The turntable is capable of +3 revolutions from its starting position. To avoid hitting the limit

the rotation of the turntable was monitored and it was reversed regularly to avoid even approaching
the limits.

20. The X carriage is always aligned after rotation with the 10/2 or 8/4 position of the clock.

21. The Y carriage travel limit is +116 inches from the turntable rotation axis.
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APPENDIX B

Assembly Sequence for a Tetrahedral Truss

The following table lists the manually developed assembly sequence for the two-ring, 102-member
tetrahedral truss structure. This table is used by the operator for reference during the
assembly/disassembly operations and contains information on strut names, robot arm paths, strut
cantilever conditions, motion base positions, and tray assignment positions for each strut in the

sequence. The purpose of this appendix is to describe the strut data and define the host of assembly
operations/conditions that must be accounted for.

Figure A1 shows a diagram of the tetrahedral truss with the cells labelled and the strut

sequence numbers indicated. All information in this table refers to figure A1 except for the
motion base positions (X,Y,Theta), which refer to the facility layout diagram in figure A2.

The truss is assembled in basic sections, the center pyramid followed by the first ring. The
second ring is assembled as two units, the lower section first followed by the upper outer
portion. The outer portion of the second ring has member positions similar to the first ring.
The following items define the notation on the sequence chart:

1) Strut designation is referenced to clock position with "12" being directly in "front" of the

robot and moving clockwise around a circle looking down on the assembly , as shown in
figure 10.

2) There are two viewing designations noted- the operator designation and the robot
designation. The operator designation is referenced to a scheme to locate a strut anywhere in
the truss by the use of a ring, cell and position location that is unique for that strut. The

operator names are referenced to the clock designation at the bottom of the figure. The robot
designation is referenced to the path and position the arm must assume to successfully insert
the strut. The robot name is referenced to the turntable angle because this is the perspective
from the position of the robot. The robot path is a function of the motion base location.

3) FREE, CAPI, CAP2, CLOSE and FIXED indicate strut capture/release conditions.
FREE-attachment of a prenoded core strut with release of the member as a cantilever beam
supported at root.

CAPl-capture of a FREE cantilevered strut receptacle to attach the present strut to.
CAP2-capture a strut receptacle in the structure at one end, move to and capture the strut

receptacle at other, then move to installation point (Condition for 3 struts in f'trst ring only).
FIXED-present member is attached to receptacles that are fixed in the structure due to the
attachment of several members at both ends.

CLOSE-similar to CAP2 condition (two cantilever struts) with capture at only one end-the
completion of this installation establishes the FIXED condition noted above.

4) The location and orientation for the core struts with preattached nodes is important. The
notation UP (e. g. 12-2AJP) means that the node lies in the top surface of the truss.whereas

DN indicates that the node lies in the bottom surface of the truss. The trailing R or F
indicates that the taught position is REAL (R-the taught path moves the node from the
canister to the correct face of the truss) or FLIPPED (F-requires a 180 deg rotation of the
strut to place the node in the correct face of he truss)

5) The motion base positions X/Y/Theta in this sequence are the reference positions from
which the robot arm paths are taught. Note that there is a fixed point of reference in one
orientation only. In this orientation the 10_2 strut is always a bottom surface strut and the
8_4 strut is always a top surface strut.
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6) TheR or L under the Tray/Slot/Node column indicates that the node is on the right or left
end of the tray and is picked up on that side of the end-effector. This is associated with the

REAL and Flip notation. X NODE means that the location of that tray slot is one that
normally has a node attached, however a node is not required for the strut that is currently
allocated to this slot. All struts with nodes preattached are either (ROBOT DSN) 12_2, 10_8,
or 6_4. There are no 12_10, 8_6, or 4_2 struts (with or without preattached nodes) due to
the orientation of the receptacles.
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Figure l(a). Space-based Antenna.

Figure 1(b). Truss-supported Aerobrake Configuration.

Figure 1. Artist's conception of future Space Missions.



Pallets with
truss struts

Y motion base

arm with end effector

storage

\

X motion base

e motion base

Figure 2(a). Schematic of Automated Structures Assembly Laboratory.

Figure 2(b). Photograph of Automated Structures Assembly Laboratory.

Figure 2. Automated Assembly facility.
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Figure 5(a). Schematic of End Effector and Strut Insertion Concept.

Figure 5(b). Photograph of End Effector and Actuator Mechanisms.

Figure 5. End effector tool
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Figure 11. Automated Assembly System Software Hierarchy.
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